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(57) ABSTRACT 

Techniques are described for delivering inotropic electrical 
therapy to myocardial tissue using an implantable cardiac 
stimulation device such as a pacemaker. In one example, 
electrical stimulation is applied by a pacemaker to the heart of 
a patient While taking into account dynamic trans-cardiac 
impedance Waveforms measured Within the patient. In 
another example, a series of subthreshold inotropic stimula 
tion pulses are delivered just prior to delivery of a suprath 
reshold depolarizing pulse that triggers systole. Additional 
subthreshold inotropic stimulation pulses can also be deliv 
ered following the suprathreshold pulse. Preferably, the mag 
nitudes of the inotropic pulses are incrementally increased 
prior to systole then decremented thereafter, thereby gradu 
ally recruiting myocardium that has differing thresholds for 
depolarization. Both techniques seek to improve myocardial 
contractility of diseased tissue by improving calcium ?ux. 
Both techniques may additionally exploit the use of “multi 
dimensional forced fusion”, described herein. 
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SYSTEMS AND METHODS FOR 
DELIVERING STIMULATION PULSES USING 

AN IMPLANTABLE CARDIAC 
STIMULATION DEVICE 

FIELD OF THE INVENTION 

The invention generally relates to implantable cardiac 
stimulation systems for use in stimulating the heart and, in 
particular, to techniques for delivering inotropic stimulation, 
i.e. stimulation intended to affect the contractility of the heart. 

BACKGROUND OF THE INVENTION 

A variety of medical conditions affect the ability of heart 
muscle to properly contract in response to electrical stimu 
lus4either intrinsic stimulus generated by the sinus node and 
conduction system of the heart or therapeutic pacing pulses 
delivered by a pacemaker or other implantable cardiac stimu 
lation device. In particular, various cardiomyopathies of dif 
fering etiologies can affect myocardial contractility, and the 
temporal relationships of motion/contractility of various 
regions (dysynchrony). These effects can be secondary to a 
combination of primary disturbances in electrical conduction 
and pathologic myocardial tissue. 

Cardiomyopathy, i.e. “heart muscle disease”, pertains to 
the deterioration of the function of the myocardium. Cardi 
omyopathy often results in heart failure as the pumping e?i 
ciency of the heart is diminished. Patients With cardiomyopa 
thy are often at risk for arrhythmia and/or sudden cardiac 
death (typically due to ventricular ?brillation). Some cardi 
omyopathies are deemed extrinsic, Whereas others are intrin 
sic. 

Extrinsic cardiomyopathies are those in Which the primary 
pathology is outside the myocardium itself and include such 
cardiomyopathies as ischemic cardiomyopathy, hypertensive 
cardiomyopathy, valvular cardiomyopathy, in?ammatory 
cardiomyopathy and cardiomyopathy secondary to systemic 
diseases. Of these, the most common is ischemic cardiomy 
opathy, Which pertains to Weakness in the myocardium due, 
e.g., to coronary artery disease. Patients With ischemic cardi 
omyopathy often have a history of acute myocardial infarc 
tion (i.e. heart attack), although chronic ischemia can cause 
suf?cient damage to the myocardium to cause a clinically 
signi?cant cardiomyopathy even in the absence of myocar 
dial infarction. Typically, the area of the heart affected by a 
myocardial infarction becomes necrotic and is replaced by 
scar tissue (?brosis). Fibrotic tissue is “akinetic”, i.e. it no 
longer functions as muscle and hence does not contribute to 
the heart’s pumping function. In many cases, the affected side 
of the heart (i.e. the left side or the right side) Will go into 
failure. Heart failure that is suf?ciently severe is referred to as 
congestive heart failure (CHF), Which is a frequent cause of 
mortality in elderly patients. Intrinsic cardiomyopathy, in 
contrast, pertains to a Weakness in the myocardium that is not 
due to an identi?able external cause. 

Intrinsic cardiomyopathy can arise due to certain infec 
tions (including Hepatitis C, Coxsackie viruses), and various 
genetic and idiopathic (i.e., unknoWn) causes as Well as from 
alcohol and drug use. Exemplary types of intrinsic cardi 
omyopathies include dilated cardiomyopathy, hypertrophic 
cardiomyopathy, arrhythmogenic right ventricular cardiomy 
opathy and restrictive cardiomyopathy. 

In general, With diseased myocardium, there is a combina 
tion of denervation or impairment of the normal physiologic 
conduction system, myocardial stunning, hibernation and 
cell death. (Myocardial stunning is the phenomenon in Which 
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2 
brief, reversible episodes of ischemia leave a prolonged 
depression of cardiac function that recovers only sloWly over 
several hours or days.) Myocardial stunning, hibernation and 
cell death lead to hypocontractility, i.e. reduced contractility. 
Reduced contractility often results in a loss of cardiac output 
and also a lack of synchronous depolarization, i.e. a lack of 
coordination betWeen the left and right chambers, atrial and 
ventricular chambers or Within the left ventricular chamber 
itself (intra-ventricular dysynchrony). These impairments are 
often segmental, i.e. regional rather than global, especially in 
patients With ischemic heart disease. 
As can be appreciated, the impairment in myocardial con 

tractility arising from cardiomyopathy or other causes can 
signi?cantly impair the functioning of the heart, leading to 
debilitated lifestyle and, in all too many cases, death. Accord 
ingly, it Would be highly desirable to remedy or mitigate any 
loss of contractility and reduce dysynchronous electro-me 
chanical activation. Various pharmacological treatments are 
available but these tend to affect the entire myocardium and 
do not target particular parts of the heart that may be impaired, 
i.e. the treatments do not speci?cally address segmental 
impairments. Many patients With impaired myocardial con 
tractility have pacemakers, implantable cardioverter-de?bril 
lators (ICDs) or other medical devices implanted therein that 
permit electrical stimulation to be selectively delivered to 
particular portions or chambers of the heart. Accordingly, 
techniques have been developed that seek to improve myo 
cardial contractility using such devices by delivering non 
phar'macologic inotropic therapy (N PIT) and improving syn 
chronous electro-mechanical activation With Cardiac 
ResynchroniZation Therapy (CRT). CRT is the sum and sub 
stance of currently implanted biventricular pacing systems. 
NPIT is not yet Widely available and still is under investiga 
tional study. HoWever, a Wealth of literature exists, Which 
demonstrate the bene?ts of CRT for improving heart failure 
symptoms and even reducing mortality (see, e.g., the “Car 
diac ResynchroniZation in Heart Failure” study, i.e. the 
“CARE-HF” study, Cleland et al. on behalf of T he CARE-HF 
study Steering Committee and Investigators, “The CARE-HF 
study (CArdiac REsynchronisation in Heart Failure study): 
Rationale, Design and End-points, Eur Heart J, 2001; 3: 481 - 
489). CRT is also discussed in, for example, US. Pat. No. 
6,643,546 to Mathis, et al., entitled “Multi-Electrode Appa 
ratus and Method for Treatment of Congestive Heart Failure”; 
US. Pat. No. 6,628,988 to Kramer, et al., entitled “Apparatus 
and Method for Reversal of Myocardial Remodeling With 
Electrical Stimulation”; and US. Pat. No. 6,512,952 to Stah 
mann, et al., entitled “Method and Apparatus for Maintaining 
Synchronized Pacing”. 

Techniques for delivering non-excitory inotropic stimula 
tion to the heart in an effort to improve contractility are just 
emerging. See, for example, US. Pat. No. 6,233,484 to Ben 
Haim et al. entitled “Apparatus and Method for Controlling 
the Contractility of Muscles” and related patents and patent 
applications of Impulse Dynamics NV. The techniques 
described therein generally involve delivering relatively high 
voltage electrical stimulation pulses during a refractory 
period (during Which the myocardium is not capable of con 
tracting in response to electrical stimulation). The stimulation 
pulses are apparently intended to enhance calcium ?ux so as 
to improve contractility such that subsequent contractions are 
more hemodynamically effective. 

Although refractory period-based inotropic techniques 
appear to be promising, it is believed that effective inotropic 
treatment can also be obtained by selectively delivering elec 
trical stimulation outside of the refractory period, and it is to 
this end that certain aspects of the present invention are 
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directed. In particular, it is desirable to provide techniques for 
applying subthreshold inotropic stimulation (i.e. stimulation 
beloW a threshold su?icient to trigger depolarization of the 
myocardium) outside the refractory period for the purposes of 
improving myocardial contractility. Among other potential 
advantages, subthreshold stimulation generally uses less 
poWer than the comparatively high voltage refractory period 
based inotropic stimulation and hence does not signi?cantly 
deplete battery poWer. Other aspects of the invention pertain 
to techniques for delivering suprathreshold inotropic stimu 
lation (i.e. electrical stimulation above the threshold neces 
sary to trigger depolarization) outside refractory periods and 
at the appropriate times to reduce dysynchronous activation 
patterns. Still other aspects of the invention are applicable to 
providing improvements to refractory period-based inotropic 
stimulation. Thus, the technologies described offer a com 
bined approach to regionally improve contractility and reduce 
electromechanical dysynchrony in territories that have patho 
logic contractility and conductivity and alloW normal tissue to 
function unaffected. These device based therapies are imple 
mented When and Where needed based, e.g., on repeated 
measurements of impedance based metrics that re?ect con 
tractile and conductive cardiac properties. 

SUMMARY 

In accordance With a ?rst general embodiment, techniques 
are provided for delivering inotropic electrical stimulation or 
other forms of electrical stimulation to the heart of a patient 
using an implantable cardiac stimulation device that takes 
into account dynamic impedance Waveforms. The dynamic 
impedance Waveforms represent electrical impedance as a 
function of time (i.e. Z(t)). During systole, the impedance 
along a direction of contraction of myocardial tissue 
increases due to an increase in myocardial thickness during 
contraction and due to a reduction in blood volume and per 
haps due to other factors. The dynamic impedance Waveform 
of healthy myocardial tissue differs from the corresponding 
Waveforms of diseased or ischemic tissues, i.e. tissues With 
impaired contractility. Typically, the dynamic impedance 
Waveform of diseased tissues exhibits a less signi?cant 
change in impedance during systole than that of healthy tis 
sue. 

In one example, information pertaining to dynamic imped 
ance Waveforms Within the heart of the patient (i.e. Zpa?em(t)) 
is measured or otherWise obtained by the implanted device. 
Information pertaining to dynamic impedance Waveforms 
Within the healthy or eucontractile hearts (i.e. Zeucommm-lem) 
is input. Zeucommc?le?) can be obtained, e.g., from data col 
lected from patients implanted With devices Who have had 
reverse remodeling and no longer suffer from cardiomyopa 
thy. Alternatively or additionally, data can be derived from 
devices implanted in patients With primary electrical distur 
bances (e.g. long QT syndrome, Brugada syndrome) With 
structurally normal hearts. In any case, electrical stimulation 
is then delivered to the heart of the patient by the device based 
on a comparison of Zpa?em?) and Zeucommm-le?). Preferably, 
the electrical stimulation is delivered so as to reduce or mini 

mize a difference betWeen Zpan-em?) and Zeucommm-le?). It is 
believed that stimulation that tends to reduce the difference 
betWeen Zpa?em?) and Zeucommct?e?) likeWise tends to 
improve contractility Within the myocardial tissue being 
stimulated, i.e. the stimulation is inotropic. In one particular 
example, Zpa?em?) is compared against Zeucommm-le?) to 
determine parameters that minimize an average difference 
betWeen Zpan-em?) and Zeucommm-le?) throughout systole. In 
another example, an integral of Zeucommm-le?) (i.e. jZPan-emQ) 
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4 
dt) is compared against an integral of Zeucommct?e?) (i.e. 
jZeuC0mmc?Ze(t)dt) to determine parameters that minimize a 
measure of incongruence of the integrals during systole. Pref 
erably, these procedures are applied along each of a plurality 
of stimulation vectors, i.e. dynamic impedance is measured 
betWeen each of a set of pairs of pacing/ sensing electrodes, so 
as to address segmental contractility de?cits. Note that the 
parameters set forth herein are merely exemplary and are by 
no means restricted to integration techniques applied to the 
dynamic impedance Waveform. Other indices derived from 
impedance data may instead be implemented including, but 
not limited to, measurements of ?rst and second order deriva 
tives of the impedance Waveform during different time peri 
ods of the cardiac cycle. Importantly, the parameters do not 
necessarily need to be based on Zeucommm-le?) but can be 
based on monitoring changes in any impedance based metric 
While the pacing modalities described herein are active. 

In one particular implementation, parameters de?ning the 
characteristics of electrical stimulation, such as voltage, cur 
rent, polarity, timing, stimulation frequency and the particular 
electrodes used to deliver the stimulation (i.e. the stimulation 
vector) are automatically adjusted or varied by the implanted 
device. Resulting dynamic impedance Waveforms Zpa?em?) 
occurring Within the patient are measured and compared 
against a template representative of the dynamic impedance 
Waveforms of healthy hearts Zeucommm-le?) so as to determine 
a set of parameters associated With any or all stimulation 
vectors that minimizes the average difference betWeen 
Zpa?em?) and Zeucommm-le?) or that minimizes a difference 
betWeen integrals of Zpa?em?) and Zeucommc?le?). That is, the 
parameters are adaptively adjusted to minimize differences 
betWeen the dynamic impedance Waveforms of the patient 
and those of healthy persons. (Additionally, or alternatively, 
parameters can be determined that optimize other impedance 
measurements such as positive and negative dZ/dt, dZ'/dt). 
Thereafter, further delivery of stimulation is performed using 
the adaptively adjusted set of parameters so as to remodel the 
myocardium. This procedure may be periodically repeated to 
further adjust the parameters to take into account progression 
or regression of cardiomyopathies, neW episodes of ischemia, 
myocardial stunning, etc. 

Various impedance based indices may be derived from 
quantitative analysis of the dynamic impedance Waveform 
and used alone or in combination for such comparisons. 
These indices provide the system With a physiologically rel 
evant parameter that re?ects the cardiac pathologic state. 
Quantitative analysis of the dynamic impedance Waveform 
derived from various electrode combinations is suitable for 
such a technique as this data is representative of the contrac 
tile state and timing of contraction. 

Note that, depending upon the needs of the particular 
patient and the programming of the device, the inotropic 
stimulation thus delivered may be subthreshold, suprathresh 
old or a combination of the tWo. Furthermore, the inotropic 
stimulation may be selectively delivered during a refractory 
period or during non-refractory periods, again depending 
upon the patient, regional properties of any given innervated 
region and the programming of the device. Insofar as inotro 
pic stimulation delivered during refractory periods is con 
cerned, the invention provides a technique for automatically 
adjusting the parameters de?ning such non-excitory stimula 
tion so as to potentially improve its inotropic effect Where and 
When needed. Insofar as inotropic stimulation delivered out 
side refractory periods is concerned, such stimulation may 
include both subthreshold and suprathreshold components, 
delivered during systole and/or diastole. In particular, 
depending upon the needs of the patient, suprathreshold 
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stimulation may be selectively delivered during systole along 
particular stimulation vectors While timed to trigger local 
depolarization that fuses With intrinsic and more global myo 
cardial depolarization. That is, the suprathreshold inotropic 
stimulation triggers an evoked response that fuses With an 
ongoing intrinsic depolarization arising due to natural pacing 
signals generated by the sinus node and intact portions of the 
conduction system. This procedure is referred to herein as 
“multidimensional forced fusion” (MDF). Multidimensional 
refers to both spatial and temporal components of electrome 
chanical activation, i.e. MDF refers to the delivery of one or 
more suprathreshold pulse(s) triggering localized depolariza 
tions that fuse With intrinsic depolarization in a synchronous 
fashion as to optimize both spatial and temporal aspects of 
myocardial electro-mechanical activation. This synchronous, 
inotropic pacing modality thereby seeks to minimize aniso 
tropic properties in contractility and electro-mechanical dys 
ynchrony, leading to multidimensional forced fusion. Thus, 
this technology serves to reduce anisotropic contractile prop 
erties and dysynchronous electromechanical activation. MDF 
represents one particularly promising technique for modify 
ing a patient’ s dynamic impedance Waveform to more closely 
match the dynamic impedance Waveform of healthy hearts 
thereby restoring normal contractility and mechanical syn 
chrony as is described in more detail beloW. 

In accordance With a second general embodiment of the 
invention, techniques are provided for delivering a series of 
subthreshold stimulation pulses to the heart of a patient along 
With at least one suprathreshold pulse so as to achieve an 

inotropic effect, appropriately timed relative to depolariza 
tion of normally functioning myocardium. In one example, a 
series of subthreshold stimulation pulses are delivered prior 
to systole. At least one suprathreshold stimulation pulse is 
then delivered to the heart to trigger systole and then a series 
of additional subthreshold pulses are delivered folloWing the 
suprathreshold pulse. In other examples, subthreshold pulses 
are only delivered just prior to the suprathreshold pulse or 
only just folloWing the suprathreshold pulse. It is believed 
that, in at least some patients, the subthreshold pulses deliv 
ered before and/or after the suprathreshold pulse tend to 
improve myocardial contractility during systole. Preferably, 
the initial set of subthreshold pulses delivered prior to systole 
includes high frequency pulses having incrementally increas 
ing pulse magnitudes. The pulse magnitudes increase until a 
depolarization threshold is eventually exceeded, thus provid 
ing at least one suprathreshold pulse that triggers depolariza 
tion. The subsequent set of subthreshold pulses delivered 
folloWing the suprathreshold pulse are high frequency pulses 
having incrementally decreasing pulse magnitudes (i.e. dec 
rementing magnitudes). The pulse magnitudes decrease 
throughout systole and during at least a portion of a subse 
quent period of diastole. Such incremental and/or decremen 
tal high frequency pacing algorithms may be modi?ed as 
appropriate. By Way of example, an initial decremental reduc 
tion in pulse magnitude folloWed by an incremental increase 
in pulses magnitudes may be bene?cial in speci?c clinical 
scenarios. 

In one particular example, the aforementioned dynamic 
impedance Waveform techniques are employed to adjust the 
parameters de?ning the subthreshold pulses so as to improve 
their inotropic effect. Further, the suprathreshold pulse deliv 
ered along With the subthreshold pulses may be timed and 
directed so as to achieve MDF With an intrinsic depolariza 
tion, in accordance With techniques already summarized. 
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System and method implementations of these and other 

exemplary techniques are described herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and further features, advantages and bene?ts of 
the present invention Will be apparent upon consideration of 
the present description taken in conjunction With the accom 
panying draWings, in Which: 

FIG. 1 is a How chart providing an overvieW of a general 
technique for controlling cardiac electrical stimulation based 
on dynamic impedance Waveforms; 

FIG. 2 is a graph illustrating exemplary dynamic imped 
ance Waveforms exploited using the general technique of 
FIG. 1; 

FIG. 3 is a How chart illustrating a ?rst exemplary tech 
nique for adaptively adjusting inotropic stimulation param 
eters based on dynamic impedance Waveforms, in Which 
dynamic impedance functions are compared; 

FIG. 4 is a How chart illustrating a second exemplary 
technique for adaptively adjusting inotropic stimulation 
parameters based on dynamic impedance Waveforms, in 
Which integrals of dynamic impedance functions are com 
pared; 

FIG. 5 is a graph illustrating derivative-based impedance 
parameters that may also be exploited using the techniques of 
FIGS. 1-4; 

FIG. 6 is a graph illustrating forced fusion, Which may be 
achieved using the techniques of FIGS. 1-5; 

FIG. 7 is a How chart providing an overvieW of a general 
technique for delivering multiple subthreshold inotropic 
stimulation pulses; 

FIG. 8 is a How chart illustrating an exemplary technique 
for delivering multiple subthreshold inotropic stimulation 
pulses, in Which magnitudes of the pulses are incrementally 
increased, then decreased; 

FIG. 9 is a graph illustrating the incremental adjustment 
technique of FIG. 8; 

FIG. 10 is a simpli?ed, partly cutaWay vieW, illustrating a 
pacer/ICD that maybe con?gured to implement the tech 
niques of FIGS. 1-9, along With a set of leads implanted in the 
heart of a patient; and 

FIG. 11 is a functional block diagram of the pacer/ICD of 
FIG. 10, illustrating basic circuit elements that provide car 
dioversion, de?brillation and/or pacing stimulation in four 
chambers of the heart and particularly illustrating compo 
nents for controlling the functions of FIGS. 1-9. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The folloWing description includes the best mode presently 
contemplated for practicing the invention. This description is 
not to be taken in a limiting sense but is made merely to 
describe general principles of the invention. The scope of the 
invention should be ascertained With reference to the issued 
claims. In the description of the invention that folloWs, like 
numerals or reference designators Will be used to refer to like 
parts or elements throughout. 

Inotropic Stimulation Controlled Using Dynamic Impedance 
Waveforms 

Referring ?rst to FIG. 1, an overvieW of the general tech 
nique for controlling inotropic stimulation based on dynamic 
Waveforms Will be provided. The technique is performed by 
an implantable cardiac stimulation device such as a pace 
maker or ICD (herein generally referred to as a “pacer/ICD”) 
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or other appropriate implantable medical device. Beginning 
at step 100, information pertaining to dynamic impedance 
Waveforms Within the heart of the patient is measured or 
otherWise obtained by the pacer/ICD. In one example, tech 
niques described in US. Pat. No. 7,010,347 to Schecter, 
entitled “Optimization of Impedance Signals for Closed Loop 
Programming of Cardiac ResynchroniZation Therapy 
Devices” are employed to obtain information representative 
of dynamic impedance Waveforms Within the heart of the 
patient. At step 102, information pertaining to dynamic 
impedance Waveforms Within the healthy (i.e. “eucontrac 
tile”) hearts are input, preferably from internal memory of the 
pacer/ICD. 

The term “eucontractile” is a nonstandard term used herein 
to generally convey that the dynamic impedance Waveforms 
generated are from the chambers of hearts With normal con 
tractility and synchronous electromechanical activation. By 
Way of example, such eucontractile impedance Waveforms 
can be derived from structurally normal hearts and/or hearts 
that have had reverse remodeling after recovering from car 
diomyopathy. In order to compile such template impedance 
Waveforms for comparative purposes, this data is acquired 
from patients implanted With devices that are no longer patho 
logic or are structurally normal With primary electrical dis 
turbances and not myopathic (e.g. Brugada syndrome, long 
QT syndrome). The techniques of the invention seek to render 
the dynamic impedance Waveform from a patient’s heart as 
eucontractile as possible. 

In one example, dynamic impedance Waveforms from a 
population of healthy patients are obtained in advance using 
the techniques of US. Pat. No. 7,010,347. These Waveforms 
are averaged or otherWise combined into a Waveform tem 
plate (referred to herein as a “eucontractile Waveform tem 
plate”), Which is stored in the memory of the pacer/ICD 
folloWing device implant. In this regard, note that many 
patients With pacer/ICDs do not have ischemic heart disease 
or cardiomyopathy and hence represent a population of 
patients from Which eucontractile data can be readily 
obtained for use in creating the eucontractile Waveform tem 
plate. 
As already summarized, the impedance along a direction of 

contraction of myocardial tissue increases during systole due 
to an increase in myocardial thickness that occurs during 
contraction and due to a reduction in blood volume and per 
haps due to other factors. The dynamic impedance Waveform 
of healthy (i.e. eucontractile) myocardial tissue Zeucommm-Ze 
(t) differs from the corresponding impedance Waveforms of 
diseased or ischemic tissues, i.e. tissues With impaired con 
tractility. Typically, the dynamic impedance Waveform of 
diseased tissues exhibits a less signi?cant change in imped 
ance during systole than that of healthy tissue. This is illus 
trated by the upper graph of FIG. 2 by Way of a eucontractile 
dynamic impedance Waveform 104 and the dynamic imped 
ance Waveform of an impaired patient 106 taken along a 
direction of myocardial contraction. As can be seen, imped 
ance increases during systole and then decreases during dias 
tole. The dynamic increase in impedance occurring during 
systole is signi?cantly less in the impaired patient than in the 
healthy patient due to hypocontractility. Note that the graphs 
of FIG. 2 are styliZed representations of dynamic impedance 
Waveforms shoWn on an arbitrary scale, Which are provided to 
illustrate concepts of the invention. The graphs do not repre 
sent actual clinical data. Dynamic impedance Waveforms 
Within actual patients may differ in shape and magnitude from 
those illustrated. Note also that a static orbaseline component 
of impedance may vary based on voltage delivered, but this 
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8 
likely has no physiological signi?cance insofar as differences 
in myocardial contractility are concerned. 

Returning to FIG. 1, at step 108 the pacer/ICD delivers 
electrical stimulation to the heart of the patient based on a 
comparison of the dynamic impedance Waveforms of the 
patient and the dynamic impedance Waveforms of healthy 
persons to, e.g., increase contractility of the stimulated myo 
cardium. The contractility may increase as a result of poten 
tiating calcium in?ux from sarcoplasmic reticulum or other 
factors. (The sarcoplasmic reticulum is a component of myo 
cardial cells that stores and releases calcium.) Preferably, 
stimulation is controlled so as to reduce some measure of the 

difference betWeen Zpa?em?) and Zeucommm-le?). This is illus 
trated by the loWer graph of FIG. 2. As can be seen, the 
dynamic impedance Waveform 110 of the patient Zpa?em?) 
noW more closely approximates Zeucommm-le?) 104. It is 
believed that, by controlling stimulation to reduce the differ 
ence betWeen Zpa?em?) and Zeucommc?le?), effective inotro 
pic stimulation is thereby achieved. That is, hypocontractility 
may be mitigated by selectively and repeatedly applying elec 
trical stimulation in order to achieve a reduction in the differ 

ence betWeen Zpan-em?) and Zeucommm-le?) that Will ulti 
mately remodel the myocardium (i.e. reverse remodeling). 
Other advantages or bene?ts may potentially occur as Well 
and so the bene?t of this therapy regime is not necessarily 
limited to inotropic bene?ts. 

FIG. 3 illustrates a ?rst example of the general technique of 
FIGS. 1 and 2, Which adaptively varies various stimulation 
parameters to ?nd a set that minimiZes a difference betWeen 

Zpa?em?) and Zeucommc?le?). Beginning at step 200, the 
pacer/ICD inputs dynamic impedance Waveform templates 
obtained for healthy patients (i.e. Zeucommc?le(t)) along each 
of multiple stimulation vectors. That is, Zeucommm-le?) is 
measured Within healthy persons along multiple stimulation 
vectors de?ned by different pairs of sensing/pacing elec 
trodes. For example, Zeucommm-le?) may be separately mea 
sured betWeen left ventricular (LV) tip and ring electrodes, 
right ventricular (RV) tip and ring electrodes, LV tip and LV 
tip electrodes, LV ring and RV ring electrodes, etc. Again, see 
the techniques described in US. Pat. No. 7,010,347. In some 
implementations, numerous sensing electrodes may be 
employed Within the various heart chambers to increase the 
number and orientation of the stimulation vectors. See, for 
example, US. Pat. No. 6,760,622 to Helland, et al., entitled 
“Implantable Multi-Chamber Cardiac Stimulation Device 
With Sensing Vectors”. 

At step 202, the pacer/ICD inputs from memory an initial, 
default set of inotropic stimulation pulse parameters includ 
ing voltage, current, polarity, timing and the particular stimu 
lation vector(s) to be used. The default inotropic pulse param 
eters typically differ signi?cantly from the default parameters 
used for conventional pacing pulses. For example, the inotro 
pic parameters may specify subthreshold pulse voltages 
timed for delivery just before or after suprathreshold pacing 
pulses. As another example, the inotropic parameters may 
specify “suprathreshold” pulse voltages timed for delivery 
during refractory periods. As Will be explained further beloW, 
the inotropic pulse parameters may also specify the param 
eters of an entire sequence or train of subthreshold pulses. In 
one particular example, the default inotropic parameters are 
parameters found to be effective in other patients having 
similar medical conditions to the patient to receive the 
therapy as determined, e.g., based on otherWise routine 
experimentation involving populations of like patients. Typi 
cally, the default inotropic parameters are programmed or 
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loaded into the pacer/ICD following device implant along 
with other default operational parameters of the device, such 
as default pacing parameters. 
At step 204, the pacer/ICD delivers inotropic stimulation 

using the currently loaded set of inotropic pulse parameters. 
Hence, if the parameters specify that a set of subthreshold 
inotropic pulses are to be delivered during systole using a 
particular set of stimulation vectors, then such stimulation is 
generated by the pacer/ICD and delivered to the heart of the 
patient by the appropriate set of electrodes implanted within 
the heart at that time. The inotropic stimulation is typically in 
addition to otherwise conventional pacing pulses that might 
be delivered. At step 206, the pacer/ICD measures the 
dynamic impedance waveform of patient Zpa?em?) along the 
various stimulation vectors speci?ed at step 200. Again, tech 
niques described in US. Pat. No. 7,010,347 may be used. At 
step 208, the pacer/ICD then compares Zpa?em?) against 
Zeucommm-le?) for each stimulation vector and adjusts the 
inotropic pulse parameters associated with any or all stimu 
lation vectors in an attempt to reduce an average difference 
between Zpa?em?) and Zeucommc?le?) along the various 
stimulation vectors. A variety of otherwise conventional 
mathematic techniques may be used quantify the amount of 
difference between or among the various dynamic impedance 
waveforms along the various stimulation vectors. (Tech 
niques exploiting integrals are discussed below in connection 
with FIG. 4.) Processing then returns to step 204 where addi 
tional inotropic stimulation is delivered using the adjusted set 
of parameters. Steps 204-208 proceed in a loop to repeatedly 
and iteratively adjust the inotropic parameters in an effort to 
improve patient contractility by reducing the average differ 
ence between Zpa?em?) and Zeucommm-le?) along the various 
stimulation vectors. 

In this manner, an iterative and adaptive procedure is pro 
vided for optimiZing inotropic stimulation parameters. In par 
ticular, the pacer/ICD is preferably programmed to select 
different stimulation vectors for delivery of the inotropic 
stimulation during initial iterations of the procedure so as to 
identify the particular stimulation vectors that have the great 
est affect on contractility. Typically, these will be the vectors 
that are aligned with the direction of contraction of the hypo 
contractile myocardial tissues. By selecting particular stimu 
lation vectors or combinations of stimulation vectors, multi 
dimensional inotropic therapy is thereby achieved. Once the 
optimal stimulation vector(s) has been identi?ed, the other 
parameters de?ning the inotropic stimulation pulse are then 
iteratively and adaptively adjusted to re?ne the e?icacy of the 
pulses. Typically, the range of adjustment of the various 
parameters is constrained in advance. For example, to provide 
subthreshold inotropic pacing outside of refractory periods, 
the pulse voltage and current magnitudes are constrained to 
remain at subthreshold levels. As another example, to provide 
nonexcitory inotropic pacing within refractory periods, the 
pulse voltage and current magnitudes may exceed threshold 
levels, but the timing of those pulses is constrained to ensure 
the pulses are delivered within refractory periods. 

In one example, this iterative procedure is performed con 
tinuously or at least very frequently to substantially continu 
ously update the inotropic pulse parameters. Alternatively, 
the procedure may instead be performed only until further 
adjustments do not achieve signi?cant gains in myocardial 
contractility or until some ?xed number of iterations is com 
pete. If so, the procedure is preferably reactivated periodi 
cally to adjust the inotropic parameters in response to changes 
within the patient, such as progression or regression of car 
diomyopathy or the onset of additional episodes of cardiac 
ischemia. Indeed, detection of an episode of cardiac ischemia 
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10 
may be used to trigger activation of the procedure so as to 
promptly address any localiZed changes in contractility aris 
ing due to the ischemia. Techniques for detecting cardiac 
ischemia using a pacer/ICD are described in, e. g., US. patent 
application Ser. No. 10/603,429, entitled “System and 
Method for Detecting Cardiac Ischemia Using an Implant 
able Medical Device”, of Wang et al.; US. patent application 
Ser. No. 10/603,398, entitled “System and Method for 
Detecting Cardiac Ischemia Based on T-Waves using an 
Implantable Medical Device”, of Min et al.; and inU.S. patent 
application Ser. No. 11/394,724, of Ke et al. entitled “System 
and Method for Detecting Cardiac Ischemia in Real-Time 
using a Pattern Classi?er Implemented within an Implantable 
Medical Device”. Procedures for detecting progression or 
regression of cardiomyopathies may also be used to trigger 
the iterative procedure. See, for example, US. Pat. No. 6,922, 
587 of Weinberg, entitled “System and Method for Tracking 
Progression of Left Ventricular Dysfunction Using Implant 
able Cardiac Stimulation Device”. See, also, US. patent 
application Ser. No. 11/397,066 of Koh, entitled “QT-Based 
System and Method for Detecting and Distinguishing Dilated 
Cardiomyopathy and Heart Failure Using an Implantable 
Medical Device”. 

FIG. 4 illustrates a second example of the general tech 
nique of FIGS. 1 and 2, which adaptively varies various 
stimulation parameters to ?nd a set that minimiZes a differ 
ence between integrals of Zpa?em?) and Zeucommm-le?). As 
many of the steps of FIG. 4 are the same as FIG. 3, only 
pertinent differences are described in detail. Beginning at step 
300, the pacer/ICD inputs dynamic impedance waveform 
integrals obtained for healthy persons (i.e. jzeucommm-le?) dt) 
along each of multiple stimulation vectors. As above, 
Zeucommc?le?) is measured within healthy persons along mul 
tiple stimulation vectors. However, the Zeucommm-le?) values 
are then integrated with respect to time to obtain individual 
values representative of each dynamic waveform. At step 302, 
the pacer/ICD inputs from memory the initial, default set of 
inotropic stimulation pulse parameters to be used. These may 
be the same default values as described above. At step 304, the 
pacer/ICD delivers inotropic stimulation using the currently 
loaded set of pulse parameters and, at step 306, measures the 
resulting dynamic impedance waveform of patient Zpa?em?) 
along the various stimulation vectors speci?ed at step 300. At 
step 307, the pacer/ICD integrates each of the Zpa?em?) wave 
forms yielding a set of integral values fZpa?em(t)dt, one for 
each of the stimulation vectors. 

These integral values or cardiac performance indices can 
be acquired over speci?c time frames. By way of example, the 
limits for integration can be between time of aortic valve 
opening and aortic valve closure, so as to derive an index of 
systolic cardiac performance. Likewise, a diastolic cardiac 
performance index can be derived during the time frame 
between aortic valve closure and end-diastole. Any number of 
indices may be derived and compared using impedance data 
and those discussed in this invention are by way of example. 
Other such indices are described in US. Pat. No. 7,010,347. 
In some implementations, it may be appropriate to use line 
integrals. 
At step 308, the pacer/ICD then compares jzpa?emmdt 

against jZeucommm-Ze (t)dt for each stimulation vector and 
makes adjustments to the inotropic pulse parameters associ 
ated with any or all stimulation vectors in an attempt to reduce 
arithmetic differences between f Zpa?em(t)dt and jZeucommm-Ze 
(t)dt along the various stimulation vectors, such as an area 
difference between the integrals (e. g. minimal integral differ 
ence). A variety of otherwise conventional mathematic tech 
niques may be used to quantify the difference between or 
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among the various dynamic impedance Waveforms along the 
various stimulation vectors. Processing then returns to step 
304 Where additional inotropic stimulation is delivered using 
the adjusted set of parameters. Steps 304-308 proceed in a 
loop to repeatedly and iteratively adjust the inotropic param 
eters in an effort to improve patient contractility by reducing 
the degree of incongruence betWeen jZpa?em(t)dt and 
jZeMc0mmm-Ze(t)dt along the various stimulation vectors. Thus, 
again, an iterative and adaptive procedure is provided for 
optimizing inotropic stimulation parameters. As With the 
technique of FIG. 3, the pacer/ICD is preferably programmed 
to select different stimulation vectors for delivery of the ino 
tropic stimulation during initial iterations of the procedure so 
as to identify the particular stimulation vectors that have the 
greatest affect on contractility. Once the optimal stimulation 
vector(s) has been identi?ed, the other parameters de?ning 
the inotropic stimulation pulse are then iteratively and adap 
tively adjusted to re?ne the e?icacy of the pulses. 

Additionally, or alternatively, derivatives of the dynamic 
impedance Waveform may be exploited to determine optimal 
inotropic parameters. Exemplary derivatives are illustrated in 
FIG. 5. Brie?y, the ?gure illustrates ?rst and second imped 
ance Waveforms 350 and 352. Waveform 350 is that of a 
normal i.e. healthy person (nl). Waveform 352 is that of a 
patient With some dysfunction. As can be seen, the ?rst 
derivative of Z (t) dt in the patient, (Z' pt) differs from that of 
the normal individual, (Z' nl). Additionally, the time of peak 
Z, (Z p), occurs later and With a loWer peak value during the 
cardiac cycle in the patient as opposed to the normal Wave 
form. Thus, one can detect impairments in contractility and 
timing using impedance based indices. U.S. Pat. No. 7,010, 
347 provides more examples of hoW impedance based indices 
provide insight into such pathophysiology. 

The aforementioned techniques may be advantageously 
employed to determine a set of inotropic parameters su?icient 
to achieve forced fusion betWeen intrinsic depolarization and 
evoked responses triggered by inotropic pulses. Forced fusion 
is illustrated in FIG. 6 betWeen a QRS-complex 400 associ 
ated With an intrinsic depolarization of the ventricles and an 
evoked response 402 triggered by a suprathreshold inotropic 
stimulation pulse 404. As can be seen, the resulting voltage 
Waveform 406 represents a fusion of the tWo separate voltage 
Waveforms. Although not shoWn, the resulting dynamic 
impedance Waveform represents a fusion betWeen the 
dynamic impedance Waveform associated With the intrinsic 
depolarization and the dynamic impedance Waveform asso 
ciated With inotropic pulse. Forced fusion is most readily 
achieved by timing the delivery of the regional suprathreshold 
inotropic pulse 404 With the start of the global QRS-complex 
so that portions of the myocardium contract in response to the 
intrinsic depolarization and other portions contract in 
response to the inotropic pulse. It is believed that forced 
fusion is particularly effective technique for changing the 
dynamic impedance Waveform of the patient to more closely 
match the eucontractile dynamic impedance Waveform since 
different portions of the myocardium contract in response to 
different electrical signals. Note also that, by applying high 
frequency, inotropic, subthreshold stimuli as Well as suprath 
reshold, depolarization stimulation pulses along multiple 
stimulation vectors at varying time delays, a form of “multi 
dimensional fusion” can thereby achieved, temporally and 
spatially, i.e. MDF is achieved. One means for verifying 
appropriate temporal delivery of stimuli is by analyzing rela 
tive differences in regional times of peak impedance, Z p as 
described in detail in Us. Pat. No. 7,010,347. Thus, the 
impedance curves provide insight into properties of contrac 
tility and timing. 
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Note also that the techniques of either FIG. 3 or FIG. 4 may 

be used to determine the appropriate stimulation vector(s) 
and to optimize the speci?c timing(s) of the suprathreshold 
inotropic pulse(s) relative to the start of the intrinsic depolar 
ization, as Well as to optimize other parameters de?ning the 
inotropic pulse such as voltage and polarization. This 
suprathreshold pulse serves to depolarize myocardium at the 
appropriate time and is rendered inotropic When accompa 
nied by some form of NPIT as described in more detail beloW. 

Multiple Pre- and Post-Systolic Subthreshold Inotropic 
Pulses 

Turning noW to FIGS. 7-9, a technique for delivering a 
series of pre-systolic and post-systolic inotropic subthreshold 
pulses Will be described. FIG. 7 provides an overvieW of one 
example of the technique, Which is performed by a pacer/ICD 
or other implantable cardiac stimulation devices. Beginning 
at step 500, the pacer/ICD delivers a series of subthreshold 
inotropic stimulation pulses to the heart of the patient prior to 
systole, i.e. prior to depolarization of the ventricles. At step 
504, the pacer/ICD delivers a suprathreshold stimulation 
pulse to the heart of the patient to trigger ventricular systole, 
i.e. a V-pulse is delivered. At step 506, the pacer/ICD then 
delivers a series of additional subthreshold inotropic pulses to 
the heart folloWing the suprathreshold pulse. These pulses 
may extend through systole and into diastole. It is believed 
that a series of subthreshold pulses delivered before and/or 
after a V-pulse is effective for mitigating hypocontractility. 
Preferably, the pulses are high-frequency pulses having incre 
mentally varying pulse magnitudes. This is summarized in 
FIG. 8 and illustrated in FIG. 9. 

At step 506 of FIG. 8, the pacer/ICD delivers a series of 
high-frequency subthreshold stimulation pulses to the heart 
of the patient prior to systole While incrementing the magni 
tude of the pulses until a depolarization threshold is eventu 
ally exceeded. By high frequency, it is meant that the pulses 
have frequency components signi?cantly higher than those 
associated With conventional pacing pulses. In one example, 
current pulses having a high frequency AC component are 
employed, similar to the current pulses conventionally used to 
measure impedance. HoWever, Whereas conventional imped 
ance measurement pulses (IMPs) do not have magnitudes 
suf?cient to trigger depolarization, the pulses delivered dur 
ing step 506 eventually exceed a magnitude suf?cient to 
trigger depolarization. In a preferred embodiment, the same 
pulses used to improve contractility are implemented for 
determining impedance values as to generate Z (t) dt. Such 
pulses may or may not be varying in magnitude and can be 
equivalent in amplitude and even have incremental and/or 
decremental pulse Widths. At step 508, the pacer/ICD delivers 
a series of additional high frequency subthreshold pulses to 
the heart of the patient folloWing the triggering of depolar 
ization, While decrementing the magnitude of the pulses. 

FIG. 9 illustrates the inotropic pulse train generated by the 
technique of FIG. 8. A ?rst series of high frequency inotropic 
pulses 510 are delivered prior to systole and have incremen 
tally increasing pulse magnitudes. The high frequency com 
ponents are not speci?cally shoWn in the ?gure; rather the 
overall pulse shape is instead shoWn. In addition, to minimize 
current drain from the poWer supply of the pacer/ICD, the 
direction of overall current How may be alternated during 
each pulse, as With IMPs. In any case, the pulse magnitude 
increases until a depolarization threshold 512 is exceeded, 
thus triggering depolarization (not shoWn). Thereafter, a sec 
ond series of high frequency inotropic pulses 514 are deliv 
ered during systole and into diastole, With incrementally 
decreasing pulse magnitudes. Note that the Width of the 
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pulses may be varied as Well to, e.g., make the pulses Wider 
near the suprathreshold pulse. In addition, individual pulses 
may be applied using different stimulation vectors. 

In one example, the frequency of the inotropic stimulation 
pulses is in the range of 16 to 256 Hz and pulse Widths are in 
the range of 05-20 ms. (E.g., a 10 ms pulse delivered at 50 
Hz.) The total number of inotropic stimulation pulses deliv 
ered prior to depolarization should be adequate to achieve 
inotropy Without excessive costs to the system (eg battery 
depletion). By Way of example, the total number of inotropic 
stimulation pulses delivered before and/ or folloWing depolar 
ization is in the range of 1 to 100 pulses. The magnitude of the 
Weakest of the inotropic stimulation pulses, expressed as a 
percentage of a depolarization threshold voltage for the 
patient, may be in the range of 12.5 to 87.5%. The ?rst set of 
incrementally increasing subthreshold pulses are preferably 
delivered just prior to the suprathreshold pulse. Likewise, the 
second set of incrementally decreasing (i.e. decrementing) 
subthreshold pulses are preferably delivered just folloWing to 
the suprathreshold pulse. In one example, all of the ?rst set of 
subthreshold pulses are delivered Within a time period 
extending 100 milliseconds prior to the suprathreshold pulse. 
All of the second set of subthreshold pulses are delivered 
Within a time period extending 100 milliseconds folloWing 
the suprathreshold pulse. Note also, that in some examples, it 
may be appropriate to only deliver subthreshold pulses prior 
to the suprathreshold pulse. In other examples, it may be 
appropriate to only deliver subthreshold pulses folloWing to 
the suprathreshold pulse. Hence, the example Wherein sub 
threshold pulses are delivered both prior to and after the 
suprathreshold represents just one implementation and vari 
ous characteristics and durations of such pulse trains may be 
optimal in different clinical scenarios. In some implementa 
tions, the pre- and post-pulses are inotropic pulses Whereas 
the pulse that triggers depolarization is a more typical 0.1-2 
ms duration pulse. The duration of the pulse train is not 
necessarily inclusive of (or not necessarily exclusive of) the 
absolute and relative refractory periods. Pulse Widths can be 
decremented and/or incremented along With changes in the 
amplitude or magnitude of the stimuli. 

The techniques described above With reference to FIGS. 
1-6 may be advantageously exploited to optimize these and 
other parameters de?ning the inotropic pulse train of FIGS. 
7-9, including determining the optimal stimulation vector for 
delivering the pulse train, the starting pulse magnitudes, the 
pulse increments, the start and stop times, etc. In particular, 
the use of a pulse train represents a particularly effective 
technique for generated forced fusion. In this regard, the 
incremental increase in pulse magnitude alloWs gradual 
recruitment of myocardial tissue (i.e. incremental myocardial 
recruitment (IMR)). This technique is of particular value as 
the loWer magnitude stimuli Will depolarize tissue that has a 
loWer threshold for depolarization and the greater magnitude 
stimuli Will depolarize tissue that has higher thresholds for 
depolarization (eg from scarring). Thus, tissue that may 
normally not be recruited from loWer magnitude stimulation 
is depolarized. Suprathreshold stimuli for certain myo?brils 
may be sub-threshold for others. Delivery of higher magni 
tude stimulation Will alloW recruitment of tissue that Would 
otherWise be dormant. Preliminary data suggests that higher 
energy left ventricular pacing may be more effective than 
delivering pacing voltages that only ensure capture of the “left 
ventricle” as a Whole entity. Thus, speci?c regions that are 
pathologic may be recruited and depolarize from higher 
energy impulses (or the additive effect of sub-threshold pulse 
trains) and the end-result is better overall contractility. The 
high frequency drive train also serves to augment contractility 
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to regions that are effectively depolarized from supra-thresh 
old stimulation. Thus, although sub-threshold stimulation 
may not depolarize all myocardium in a speci?c region, it Will 
likely serve to increase contractility once a regionally supra 
threshold stimulus arrives. 

Note that this is someWhat contrary to the principle that 
myocardial depolarization is “all or none”. Indeed for any 
region of myocardium (e.g. individual myo?brils) once depo 
larization occurs, contraction ensues and neighboring myo 
?brils depolarize secondary to being a conductive tissue (via 
gap junctions that electrically connect neighboring myo 
?brils.) HoWever, it is believed by the inventor that not all 
regions necessarily depolarize simultaneously, as speci?c 
areas may have high pacing thresholds and/or are electrically 
isolated secondary to scar tissue. Although late depolarized 
regions may indeed contract (assuming the tissue is not elec 
trically isolated or dead), the myo?brils may contract so late 
during the cardiac cycle (i.e. dysynchronous contraction) as 
to be a detriment and not contribute to global systole. MDF is, 
at least in part, intended to rectify this pathologic state by 
augmenting contraction in myocardium that is depolarized 
and ensuring depolarization of myocardium that has high 
pacing thresholds and/or is electrically isolated enough to 
either not be depolarized or be depolarized so late that there is 
no contribution to global systole. The use of different stimu 
lation vectors alloWs the gradual recruitment to proceed from 
different directions to encourage forced fusion. The pulse 
trains are preferably applied during each heart beat to 
remodel the myocardium over time, but may be applied at 
periodic intervals or on an “as needed” basis. Note that, 
regardless of Whether “all or none” depolarization does 
indeed occur, the techniques of the invention are believed to 
have advantageous effects. 

Thus, FIGS. 1-9 illustrate various inotropic stimulation 
techniques. In other embodiments, rather than comparing 
patient impedance Waveforms against eucontractile Wave 
forms obtained from healthy patients, the implanted device 
instead compares neWly detected impedance Waveforms 
Within the patient against previously detected impedance 
Waveforms Within the same patient. That is, the inotropic 
stimulation parameters do not necessarily need to be based on 
Zeucommm-le?) but can instead be based on monitoring 
changes in any impedance based metric While the pacing 
modalities described herein are active and comparing this to 
baseline data acquired from the patient While such pacing 
modalities are inactive. In still other embodiments, a direct 
comparison of one impedance Waveform against another is 
not performed. Rather, the implanted device instead seeks to 
modify stimulation patterns to achieve optimal values of any 
speci?c impedance-based index. For example, for electrode 
combinations that traverse the LV (interventricular septal to 
LV lateral electrodes), the greater the Z(t) dt value is during 
cardiac systole, the greater the contractility/ systolic cardiac 
performance. 

Although described primarily With reference to ventricular 
stimulation examples, atrial inotropic stimulation may alter 
natively or additionally be employed. The various techniques 
may be exploited using any appropriate implantable cardiac 
stimulation device. For the sake of completeness, an exem 
plary pacer/ICD Will noW be described. 

Exemplary Pacemaker/ICD 
FIG. 10 provides a simpli?ed block diagram of the pacer/ 

ICD, Which is a multi-chamber stimulation device capable of 
treating both fast and sloW arrhythmias With stimulation 
therapy, including cardioversion, de?brillation, and pacing 
stimulation, as Well as being capable of delivering inotropic 












